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Anoxia or severe hypoxia causes contractions of many isolated blood vessels including cerebral ar teries (De Mey and Vanhoutte, 1983; Katusic and Vanhoutte, 1986; Rubanyi and Vanhoutte, 1985) . Different mechanism(s) may underly this anoxic re sponse in various tissues because the sensitivity of anoxic contractions to indomethacin or the depen dency on endothelial cells differs among prepara tions (De Mey and Vanhoutte, 1983; Rubanyi and Vanhoutte, 1985; Elliott et aI., 1989; Kwan et aI., 1989) . One common feature is the sensitivity of an oxic contractions to Ca 2 + -channel inhibitors (Ru banyi and Vanhoutte, 1985; Iqbal and Vanhoutte 1988; Shirahase et aI., 1988) , which suggests the involvement of voltage-dependent Ca 2 + influx. Lit tle is known about changes in membrane potential during anoxia in isolated cerebral arteries. The present experiments were designed to determine the electrophysiological events occurring during an oxic contractions of the canine basilar artery. level of membrane depolarization was smaller during an oxic contractions. These results support the importance of voltage-dependent Ca2 + influx in the generation of an oxic contractions in the canine basilar artery. However, membrane depolarization does not fully account for these anoxic contractions. Key Words: Anoxia-Basilar ar tery-Depolarization-Ca2 + -channel inhibitors-Hyper polarization-Voltage-dependent Ca2 + -channel.
METHODS
Twenty-nine mongrel dogs of either sex (12-27 kg) were anesthetized with intravenous injection of sodium pentobarbital (30 mg kg-I; Abbott Laboratories, North Chicago, IL, U.S. A. ) and exsanguinated. The brain was removed quickly and placed in ice-cold physiological salt solution. Basilar arteries were isolated from the brains by dissecting them from surrounding connective tissue, and cut into rings (3-4 mm long). In the present experiments, "anoxic contraction" refers to an increase in tension in duced by anoxia or severe hypoxia. All experiments re ported were performed on tissues with endothelium, be cause in preliminary experiments anoxic contractions were observed irrespective of the absence or presence of endothelial cells.
Organ chamber studies
Rings of basilar arteries were suspended between two stainless steel stirrups for the recording of isometric ten sion. One of the stirrups was anchored to the bottom of an organ chamber (content, 25 m!) and the other was con nected to an isometric force transducer (Statham Univer sal UC2, Statham Medical Instruments, Los Angeles, CA, U.S.A.). The tissues were equilibrated for 60 min in warm physiological salt solution (37°C, pH 7. 4) and stretched in a stepwise manner to the optimal point of their length-active tension relation (3 g; Katusic and Van houtte, 1986) . After another 60 min of incubation, the experimental procedures were started. Because anoxic contractions were transient in nature, the tissues were incubated with pharmacological agents before exposure to anoxia to test the effects of drugs. The exposure to anoxia was repeated at I5-min intervals, at which inter vals anoxic contractions were reproducible, and was con tinued until the contraction reached its peak.
Electrophysiological studies
Segments of canine basilar arteries were suspended in an organ chamber (content, 2 ml) in a nearly horizontal position between two stainless steel stirrups, one of which was anchored to the bottom of the chamber and the other connected to an isometric force transducer. The tissues were superfused continuously with warm physio logical salt solution at a flow rate of 2 ml min -I and stretched to the optimal point of their length-active ten sion relation (3 g). Membrane potential and tension were measured simultaneously from the same tissue. Glass mi croelectrodes filled with 3 M KCl solution (tip resistance, 50-80 MO) were mounted on a micromanipulator (Na rishige, Tokyo, Japan) and inserted into the smooth mus cle cells from the adventitial side. The electric signal was amplified by means of a recording amplifier (World Pre cision Instruments, New Heaven, CT, U.S.A.). The membrane potential was monitored continuously on an oscilloscope (Tektronix 5223, Beaverton, OR, U.S.A.) and recorded on a pen recorder (Gould TA550, Cleve land, OH, U.S.A.). The criteria used to assess the valid ity of impalements were the following: (a) a sudden neg ative shift in voltage followed by (b) a stable negative voltage at least for 1 min and (c) an instantaneous return to the previous voltage level upon dislodgement of the electrode. The changes of membrane potential during an oxia were estimated only in single-cell recordings. Be cause it was difficult to keep microelectrodes in the cell until the tension reached its peak, data obtained during the development, but before the maximal level, of anoxic contractions were included in the analysis.
Solution and drugs
The physiological salt solution had the following com position (mM): NaCI 118.3, KCI 4.7, CaCl2 2.5, MgS04 1.2, KH2P04 1.2, NaHC03 25.0, edetate calcium disodi urn (CaEDTA) 0.026, and glucose 11.1 (control solution). The solution was aerated with 95% O2 and 5% CO2, An oxia was introduced by bubbling the solution with 95% N2 and 5% CO2, The drugs used in the experiments were BAY G5675 (Miles Pharmaceutical, West Haven, NJ, U.S.A.), diltiazem hydrochloride (Marion Laboratories, Kansas City, MO, U.S.A.), indomethacin (Sigma, St. Louis, MO, U.S.A.), ketanserin tartrate (Janssen, Beerse, Belgium), methysergide maleate (Sandoz, E. Ha nover, NJ, U.S.A.), ouabain (Sigma), phentolamine (CIBA, Summit, NJ, U.S.A.), pindolol (Sandoz), super oxide dismutase, uridine triphosphate (UTP, Sigma) and WEB 2086 (Boehringer, Ingelheim, FRG). Stock solu tions of indomethacin were prepared in equimolar Na2C03• BAY G5675 , methysergide, and WEB 2086 were dissolved in dimethyl sulfoxide. Ca 2 + -free solution was prepared by isotonic substitution of CaCl2 with MgS04•
Statistical analysis
The results are expressed as means ± SD; N represents the number of cells examined; n refers to the number of blood vessels from different dogs. The significance was tested with the two-tailed paired or unpaired Student t test (for two groups) and analysis of variance followed by Scheffe's test (for more than three groups). Correlations were tested with regression analysis. When the p value was <0.05, differences were considered statistically sig nificant.
RESULTS
During the incubation period, active tone devel oped in most of the tissues tested. Anoxia evoked contractions with an amplitude of 1.0-5.0 g in the organ chambers and 0.3-2.0 g in the electrophysio logical apparatus; the anoxic contraction was fol lowed by a rapid relaxation upon reoxygenation ( Fig. 1) . Occasionally, the contractions were pre ceded by transient relaxations and hyperpolariza tions in the electrophysiological apparatus (data not shown). Only the contractions and depolarizations evoked by anoxia will be discussed further.
Organ chamber studies
None of the following compounds (after incuba tion for 15-30 min) inhibited anoxic contractions (Table 1) (Table 1 ; Fig. 1 ). An oxic contractions could not be observed in Ca 2 +free solution ( Fig. 1; n = 4) .
Diltiazem inhibited the contractions evoked by anoxia and high K + (60 mM) to a similar extent, and in a comparable concentration-dependent manner (Fig. 2) . The contractions evoked by UTP (10 J.LM) were significantly more resistant to the Ca 2 + channel inhibitor (Fig. 2) .
Electrophysiological studies
The resting membrane potential of the smooth muscle cells of the canine basilar artery ranged from -35 to -57 mV (average value -43 ± 2 mY, N = 91 from 18 animals). The potential varied during the course of the experiment. When the membrane po tential was plotted against the tension level, a sig nificant correlation was observed between these two variables (Fig. 3) .
Anoxia-evoked membrane depolarization (Fig. 4 ; the depolarization varied from 1-12 mY, and aver aged 7 ± 6 mV (p < 0.05, N = 35 from 18 animals) in all tissues but one (not included because it did not contract upon exposure to anoxia). The depolariza tion preceded the tension development in most cases. In 1 of 18 tissues, a burst of action potentials was superimposed on membrane depolarization and a larger contraction was observed (data not shown).
Diltiazem (10 J.LM) depolarized the cell membrane a control diltiazem 10 IlM
by -2 mV [control, -42 ± 3 mV (N = 31); diltia zem, -40 ± 3 mV (N = 19); from six animals (p < 0.05)]. Although diltiazem abolished the develop ment of tension evoked by anoxia in the electro physiologic apparatus, it did not significantly affect the membrane depolarization (control, 4 ± 2 mY; diltiazem, 4 ± 2 mY; N = 3 from three animals). In these experiments, the microelectrode was kept in the same cell until the membrane potential reached a plateau level, both in the presence and absence of diltiazem. When the contractions evoked by high K + were matched to those evoked by anoxia by varying the concentration of Kel, the membrane depolarization was significantly smaller during anoxic contractions (Fig. 5 ). Furthermore, the threshold level of mem brane depolarization required to elicit contraction was 8 m V in the case of high K + , whereas the an oxic contractions (Fig. 5 ) were accompanied by de polarizations of <5 m V. on anoxic contractions in the canine basilar artery. The tissues were incu bated with diltiazem or Ca2 + -free so lution for 10 min before exposure to anoxia.
In one preparation, anoxic contractions were not accompanied by membrane depolarization (data not shown).
DISCUSSION
Augmentation of existing contractions by anoxia (anoxic facilitation) is endothelium dependent in the canine coronary artery. The phenomenon is trans ferable from tissues with endothelium to those with out (Rubanyi and Vanhoutte 1985) . This observa tion suggests that diffusible substance(s) is involved in anoxic facilitation in the canine coronary artery. In the present study, the various pharmacological interventions used to investigate the phenomenon in preparations with endothelium failed to inhibit the generation of anoxic contractions. The concen trations of the blockers were determined based on previous studies and were 30-100 times higher than their pKa values. Thus, neither norepinephrine, se- rotonin, platelet-activating factor, superoxide an ions, prostaglandins, or products of the lip oxygen ase pathway are likely to be responsible for anoxic contractions in the canine basilar artery. Anoxic contractions were evoked easily in most tissues in the organ chambers merely by bubbling the physiologic salt solution with anoxic gas, whereas they were more difficult to produce in the electrophysiologic equipment (perfusion system). The most likely explanation for this is that the par tial pressure of oxygen in the physiologic salt solu tion increased between the time of bubbling and the 7 Y = 9.0760 + 0.13591x '=0.52
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FIG. 3. Relationship between resting membrane potential and tension level (passive plus active tension) in canine bas ilar arteries from six different animals. The resting membrane potential and the tension changed spontaneously during the course of the experiments. The correlation coefficient is sig nificant (p < 0.05). moment the solution reached the preparation in the electrophysiological apparatus and hence was no longer reduced enough to evoke contractions. Therefore, measurements of membrane potential were performed only on tissues which contracted during anoxia. The resting membrane potential of smooth mus cle cells of the canine basilar artery in this study ( -43 m V) was less negative than those reported previously (--50 mY; Fujiwara et al., 1982; Su zuki and Fujiwara, 1982) . This may be due to a difference of passive stretch imposed on the tissues. This interpretation is supported by the observation that when feline cerebral arteries are stretched by elevation of the perfusion pressure, endothelium dependent contractions and membrane depolariza tion are observed (Harder, 1987; Kauser et al., The amplitude of the contractions were matched by varying the concentration of KCI and no signifi cant differences was found between the two groups. The membrane potential and tension were recorded simulta neously from the same tissues (n = 4). [The resting mem brane potential was comparable between the two groups (an oxia; -43 ± 3 mV, high K +; -41 ± 3 mV)]. Data shown as mean ± SO. 'p < 0.05 between depolarization in the two groups (unpaired t test).
1989a,b; Brayden and Wellman, 1989) . Canine bas ilar arteries also develop endothelium-dependent in creases in tension in response to passive stretch (Katusic et aI., 1987) . The present study shows a correlation between the resting membrane potential and the basal tension level. The latter must reflect the active tone induced by stretching. The contractions evoked by anoxia and high K + were equally sensitive to diltiazem and no contrac tion was observed during anoxia in Ca 2 + -free solu tion. These findings confirm the involvement of Ca 2 + influx in the generation of anoxic contraction in the canine basilar artery (Katusic and Vanhoutte, 1986) . Furthermore, the present study demon strates the occurrence of membrane depolarization during the anoxic contraction. Membrane depolar ization during anoxia has been reported also in the feline pulmonary artery (Harder et aI., 1985) . How ever, such depolarization does not appear to be the single mechanism underlying anoxic contractions in the canine basilar artery. Indeed, during matched contractions, the amplitude of the membrane depo larization during anoxia was smaller than that in duced by high K +. Furthermore, anoxic contrac tions were observed occasionally even in the ab sence of membrane depolarization. Although the mechanism, other than membrane depolarization, has not been clarified, it is very likely to be linked to Ca2+ influx through voltage-dependent Ca 2 + chan nels since the anoxic contractions were not ob served in a Ca 2 + -free solution or in the presence of diltiazem. The most reasonable interpretation of these data is that anoxia not only depolarizes vas cular smooth muscle but also increases Ca 2 + cur rents at given membrane potentials, as does norepi nephrine (Benham and Tsien, 1987) or endothelin (Silberberg et aI., 1989) . If this is the case, smaller depolarizations or even modest hyperpolarizations may be able to increase Ca 2 + influx and lead to contractions sensitive to Ca 2 + removal or to Ca 2 + channel inhibitors. Alternatively, anoxia may en hance the sensitivity of the contractile proteins to Ca 2 + .
The Ca 2 + -channel inhibitor nifedipine inhibits en dothelium-dependent contractions evoked by the Ca 2 + ionophore A23187 in the canine basilar artery possibly by acting on endothelial cells (Shirahase et aI., 1988) . In the present experiment, diltiazem abolished anoxic contractions but did not affect the membrane depolarization caused by anoxia. If dil tiazem had an inhibitory action on the release of an endothelial contracting factor during anoxia, the compound should have inhibited the membrane de polarization. Thus, diltiazem appears to exert its effect at the level of the smooth muscle rather than
